We investigate dynamical coupling between water and amino acid side-chain residues in solvation dynamics by selecting residues often used as natural probes, namely tryptophan, tyrosine and histidine, located at different positions on protein surface and having various degrees of solvent exposure. Such differently placed residues are found to exhibit different timescales of relaxation. The total solvation response, as measured by the probe is decomposed in terms of its interactions with (i) protein core, (ii) side-chain atoms and (iii) water molecules. Significant anti cross-correlations among these contributions are observed as a result of side-chain assisted energy flow between protein core and hydration layer, which is important for the proper functionality of a protein. It is also observed that there are rotationally faster as well as slower water molecules than that of bulk solvent, which are considered to be responsible for the multitude of timescales that are observed in solvation dynamics. We also establish that slow solvation derives a significant contribution from protein side-chain fluctuations. When the motion of the protein side-chains is forcefully quenched, solvation either becomes faster or slower depending on the location of the probe.
I. INTRODUCTION
The water layer occupying the interface between a protein molecule and the bulk water is termed as protein hydration layer and the water inhabiting the layer is termed as biological water. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] It plays an important role in the structure, stability, dynamics and biological activity of the protein and has been a subject of enormous interest in the recent past. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] With the advent of new experimental [20] [21] [22] [23] and theoretical approaches [6, 19, [24] [25] [26] many new aspects of this complex system have been unearthed. While the area of protein-water interactions have remained the focus of interest since the pioneering works of Pethig [27] , Grant [28] , Wüthrich [16, 17] and others, a true quantification of hydration dynamics was achieved for the first time by the seminal work of Zewail and co-workers. In a series of pioneering studies, Professor Zewail confirmed the presence of an intermediate timescale component of time constant 20-50 ps in the solvation dynamics of a natural probe. [2-5, 8, 10, 11, 29] As a first, they used natural local probes (e.g. tryptophan) without disrupting the native states of proteins in several femtosecond resolved studies of solvation dynamics and reported a bimodal decay. Experimental studies on proteins like Subtilisin Carlsberg and Monellin typically show two primary relaxation times (one less than 1ps and the other in 20-40 ps range). [2, 3] The slow component was attributed to the slow dynamics of biological water, term coined earlier by Nandi and Bagchi to articulate special properties of protein and DNA hydration layers. [1] * Email: bbagchi@sscu.iisc.ernet.in, profbiman@gmail.com Several time dependent fluorescence Stokes shift [2-4, 8, 26, 30] (TDFSS) and three pulse photon echo peak shift [20, 31, 32] (3PEPS) experiments with fluorescent dyes have revealed useful information about the dynamics in the immediate neighbourhood of the probe. TDFSS measures the instantaneous vibronic energy of the probe by perturbing the charge distribution using ultrafast lasers. From experimental data, a nonequilibrium Stokes shift response function S(t) is constructed [22, 23, 25, 33, 34] (Eq.1)
Here, ν(t) is the time dependent fluorescence frequency of the probe at time t, proportional to E solv (t) which is the solvation energy of the probe (or solute) at time t. It is convenient to discuss the timescales involved in dipolar solvation dynamics. For an ion the solvation relaxation is much faster than dielectric relaxation. According to homogeneous dielectric continuum model, for an ion, the time constant of solvation τ L ) is given by,
and that of a point dipole is given by [35] ,
Where, τ D is the Debye relaxation time, c is the dielectric constant of the molecular cavity; 0 and ∞ are respectively the static and infinite frequency dielectric constants of the solvent. The dielectric constant not being well defined in the protein hydration layer, these expressions get modified. Solvochromatic studies often find that the dielectric constant of the hydration layer hyd , is less than that of the bulk, bulk . Hence, the process of solvation slows down by a factor of two though there could be many other factors complicating the process. Castner et al. [36] incorporated effects of inhomogeneity in the continuum model. However, predictions of the continuum models are found to be grossly inadequate for water. In reality the solvation dynamics of a probe in bulk water is extremely fast. In addition to an ultrafast component, there are two timescales ∼40-50 fs and ∼1 ps. [17, 18, 35] The complex solvation in the bulk gets more complicated for hydration water. In addition to the multitude of timescales there is a coupled role of side-chain and water, which deserves proper quantification.
In the past few decades, several TDFSS measurements concentrating on probes bound to protein and DNA molecules have revealed a similar ultrafast component of amplitude of ∼ 60% . This has been attributed to librational and inter-molecular vibrational modes. Besides there is a slow decay which is more pronounced than that in bulk water. However, the existence of this slow component is a much debated topic in this field. For example, earlier NMR studies by Wüthrich et al. have suggested a range of residence times of hydration water (∼300-500 ps to ∼10-200 ps) which plays a major role in the dynamics of solvation. [16, 17] Later studies involving NMR and single particle orientation relaxation have contradicted the existence of slow component. [37] [38] [39] However, dielectric relaxation [26, 27, 37] and solvation dynamics studies [21, 23] which measure collective responses show a considerable percentage of slow component.
Fleming et al. used 3PEPS to examine solvation dynamics of eosin dye tied to protein surface. This revealed presence of two distinct slow timescales (∼100 ps and ∼500 ps) that were not present in eosin-water system. [20] Moreover, in a number of solvation dynamics studies, slow component within the range of ∼100 -1000 ps have been reported by Bhattacharyya et al. [6, 7, 14] Frauenfelder et al. have proposed a unified model for protein dynamics from a series of Mssbauer spectroscopy experiments, which suggest slaving of small scale fluctuations in proteins by hydration layer fluctuations. Whereas, those in bulk water slave the large scale protein conformational fluctuations. [40] Recently TDFSS experiments by Qin et al. have found, using tryptophan as a probe, an ultrafast component around 100 fs along with two slow components in the ps order. [41] The simultaneous presence of the slow time scale in protein hydration dynamics and dielectric relaxation data seem to suggest a common origin. Earlier studies have attributed this component to the presence of a dynamic equilibrium between free and quasi-bound water molecules in the hydration layer. One additional factor which often gets ignored is the role of charged amino acid side chains in the solvation process. Ali and Singer [26] observed that if the motions of side-chains are quenched, relaxation becomes faster. Here we show that this apparently paradoxical result is actually a consequence of forced disappearance of a natural slow component. However, we find that the dependence on the motion of the amino acid side chain has no such universal characteristics. On quenching of the amino acid side chain motion, solvation can accelerate or decelerate depending on the nature and location of the probe.
Our present work focuses on the origin of slow relaxation in three model protein-water systems. Our results are applicable to other biological macromolecules as well.
II. THEORETICAL ANALYSIS
Time dependent fluorescence frequency, ν(t) (in Eq.1), is a directly measurable quantity from TDFSS experiments. Despite S(t) being a non-equilibrium response function, under the assumption that the solvent response is linear to the external perturbation, we can equate S(t) to the equilibrium energy autocorrelation function C(t) (Eq.4). [22, 42, 43] 
Here, δE solv (t) is the fluctuation of energy from its average value given by δE solv (t) = E solv (t)− < E >. The subscript gr indicates averaging over ground state. Although there is no certainty that linear response theory would be valid for every system, generally under long time average (∼50 ns or greater) the linear response correlation functions are in good agreement with experiments and simulations. [24, 26] Unlike dielectric relaxation, solvation dynamics furnishes information on the local dynamics. With that spirit, we look into various intrinsic probes in each protein to acquire information regarding the site-dependent timescales of relaxation. The protein residues chosen in our study as intrinsic probes are shown in Fig.1 .
In addition to these natural probes, we also study the solvation energy relaxation of virtual spherical probes containi ng one unit of positive charge, placed in different parts near the protein surface (inside the hydration layer) to mimic external fluorophores. The charges on different atoms of the proteins are acquired from OPLS-AA [44] force field. The time dependent solvation energy E solv (t) is decomposed into four parts, namely E SC (t), E Core (t), E W at (t) and E Ion (t) to segregate the contributions of protein side-chains (SC), backbone (Core), solvent (Wat) and ions (Ion) to the total solvation response of a particular probe, as depicted in Eq. 5 [45, 46] . Pal et al. were the first to use this kind of decomposition method for a 38 base pair native DNA. [45] E solv (t) = E SC (t) + E Core (t) + E W at (t) + E Ion (t) (5) As there are a few number of counter ions (8 for lysozyme, 4 for protein-G and 2 for myoglobin) in our systems, their contribution to the total energy is negligible compared to others. Hence, the solvation time correlation function is a summation of three self and six cross-correlation terms (Eq.6).
Here, α and β stand for different components, i.e., sidechain, core and water. We calculate S(t) as well as S αα (t) and S αβ (t) from ground state equilibrium MD simulations so that their relative amplitudes can be compared to identify the dominant terms. The data are fitted to a multi-exponential function along with a gaussian component to find out the timescales of solvation energy relaxation (Eq.7). [23, 24] 
Average solvation time is calculated by integrating S(t) with respect to time. As solvation dynamics is intimately connected to the orientation relaxation of the surrounding solvent, we calculate r 1 (t) and r 2 (t) (Eq.8 and 9) of the hydration layer and compare with bulk water.
Here, P 1 and P 2 are respectively the first and second order Legendre polynomials. θ(t) is the angle between O-H bond vectors of water molecules at any arbitrary time s and the same at time s + t. Further constrained MD simulations have been done by quenching the motions of protein atoms to isolate the effect of conformational fluctuations of protein on solvation energy relaxation.
III. RESULTS AND DISCUSSION

A. Solvation dynamics correlation functions for different probes: Heterogeneity and multitude of dynamics
In this work, we investigate the nature of solvation dynamics in each protein with respect to several sidechain residues selected as intrinsic probes. The solvation energy correlation functions are averaged over three MD trajectories, each 50 ns long, starting from totally distinct conformations of the protein. Figure 2 shows the S(t) plotted against time for the aforesaid probes.
It is clear from the results that the timescales of solvation are different for different probes even in the same protein molecule. Each of the probes have a sub ∼100 fs ultrafast component which is in good agreement with experiments [26, 41] and is arising out of the librational motion of water. [2, 6, 7, 24] In Lysozyme (Table I and Fig.2a) , the slow component is ∼400 ps for Trp-63 and Trp-123, almost three times higher than the slow component of Trp-111 and about twice that of Trp-28. Another intermediate timescale ∼10 ps for Trp-28 and ∼5 ps for other three is observed.
For Protein-G (Table III , supporting information (SI)), the differences in dynamics of the three tyrosine residues are also distinct. Tyr-33 has a slow component of 326.6 ps with 48% contribution. In contrast, Tyr-45 has a slow component of around 44.1 ps with 19% contribution whereas Tyr-3 falls in between Tyr-33 and Tyr-45 with a slow component of 167.1 ps (Fig.2b) .
Unlike Protein-G and Lysozyme, the dissimilarity is not that much pronounced in Myoglobin (Table IV, (Fig.2c) . From the time averaged solvent accessible surface area (SASA) values [47] of these residues no direct correlation can be drawn between the timescales of relaxation and the degree of solvent exposure. In some cases the relaxation of exposed residues is faster and in some others they are slower than the buried ones. It is observed that presence of polar/charged residues in immediate surroundings makes solvation dynamics noticeably slower.
B. Sensitivity of solvation dynamics to the location of the probe
Analysis of the above data suggests that the solvation responses of different sites in the same protein can be different for the same probe. The local chemical and electrostatic environment of the probes along with the innate heterogeneity present in protein surfaces make solvation dynamics a region/domain dependent phenomenon. A closer look on the structure of the proteins reveals that the probes which are surrounded by polar-charged groups like arginine (Arg), lysine (Lys), aspartic acid (Asp), glutamic acid (Glu) etc. shows a significant slow component with arginine and lysine being the most effective ones. For instance, in lysozyme, Trp-28 which is buried deep inside the protein (SASA = 0.06 nm 2 ), having no charged atoms in its proximity, exhibits faster dynamics than Trp-123 which is considerably more exposed to the solvent (SASA = 0.69 nm 2 ) but at the same time surrounded by charged side chains such as Arg-5, Arg-114, Arg-125, Lys-33 and Asp-119. This pattern is also noticed for the other two systems. In myoglobin, His-64, which has one arginine (Arg-45) and two lysine residues (Lys-62, Lys-63) in its neighbourhood, shows slower dynamics compared to the other three probes. His-93 and His-116, being the most deprived with respect to charged groups in their vicinity, show a faster dynamics. These observations give a qualitative understanding of the relative slow dynamics of solvation. 3 . Plots of self and cross solvation energy correlation terms (scaled to the total solvation response) for three probes in Lysozyme which are calculated by decomposing the total solvation response into components of the system. Sαα(t) indicates the self-correlation terms where can be either side-chain or water or protein-core. S αβ (t) indicates the cross-correlation terms where αβ is any combination of side-chain, water and protein-core (α = β). 
C. Importance of the self and cross-correlation terms
In order to explore the origin of dynamic heterogeneity in the hydration layer, we separate out the individual self and cross solvation energy correlation terms for these probes (Eq.6). The results for three such representative probes (Trp-28, Trp-63 and Trp-123 for protein Lysozyme) are presented in Fig.3 .
It is noticeable that the cross terms have negative amplitudes which indicates anti-correlation and can be eas- ily spotted in the energy trajectory. For example, the S SC−W at (t) terms are always anti-correlated (Fig.3) , i.e., when the energy contribution coming from side-chains increases, that from water decreases and vice versa. This may originate because of side-chain assisted energy transfer from core to hydration layer. Screening effect may be responsible for this. When side-chain contribution to the solvation increases, the charges are not getting screened by the solvent. This in turn results in decreasing water contribution. On the other hand, when water molecules are free to orient rapidly, they contribute more to the solvation and contribution arising from side-chains decreases. One of the exposed probes, Trp-123 of Lysozyme derives most of its contribution from Wat-Wat and SC-SC self-terms. The origin of slow relaxation of the WatWat and SC-Wat terms lies in the neighbourhood charges (section 3.2) which makes the water dynamics of that region slower by forming long lived hydrogen bonds with nearby water [46] . This effect is also reflected on the relative amplitudes of those terms. On the other hand, the core-core self-term has more dominant relative contribution than other terms in case of the buried probe Trp-28. As it is far away from the water environment the SC-Wat and Wat-Wat terms are fast decaying and of low relative amplitudes. A semi-exposed probe Trp-63 has slowly decaying Wat-Wat and SC-Wat terms which can be explained in similar fashion. For all the probes, the negative cross-correlations help the total solvation response decay at a faster rate. For Trp-28, the amplitudes of the cross-terms are almost negligible compared to selfterms. On the contrary, for Trp-123 the cross-terms play an important role in weakening the slow component but get overshadowed by the huge amplitude of Wat-Wat selfterm.
D. Orientational relaxation of water molecules in bulk and hydration layer
The observed orientational relaxations of O-H bond vector, i.e. r 1 (t) and r 2 (t), are multi-exponential in nature. Average orientation relaxation time for hydration water molecules is almost twice that of the bulk water and the slow component for hydration water is almost ten times that of the bulk (Table II) . From the histograms (Fig.4a and4b) it is clear that there exist rotationally faster water molecules inside the hydration layer (arising from weak hydrogen bonding and also from frequent random kicks from side-chain conformational fluctuations) than bulk along with slower ones. The existence of such disparate time scales was missed by NMR experiments as it measure average time scale and not a good technique to capture the various timescales of dynamics in protein hydration layer. It seems that in constrained environment fast water molecules become faster and slow become slower. For faster solvation the water molecules have to orient/rotate at a faster rate. Sites exhibiting slow solvation are accompanied by slow orienting water molecules. We get both the signatures in the time correlation function (Table II) The multitude of timescales of orientational relaxation of the solvent is partly responsible for the observed heterogeneity in solvation dynamics. To understand the dependence of solvation energy relaxation on the conformational fluctuation of side chains, we simulate the same systems by artificially freezing the coordinates of the protein atoms so that the protein resides in the system as a rigid charge distribution but still interacting with its surroundings. It is seen that the solvation of the virtual spherical probe located in the cavity region of lysozyme (Probe-1) near Trp-63 gets accelerated upon freezing the protein motions but no such significant change is observed for the other one (Probe-2) located near Trp-123 (Table V, SI) . Conformational fluctuation of protein contributes to the slow solvation near the vicinity of Probe-1 (Fig. 5a) . On the contrary, the solvation energy relaxation does not depend on the protein motion in the locality of Probe-2 (Fig. 5b) . Thus we can distinguish two entirely different domains in the hydration layer of Lysozyme with respect to the observed contrasting dynamics.
Dynamics of the natural probes show similar heterogeneity. When the protein motions are quenched the total solvation becomes faster in case of His-81 (Fig.6e) and Trp-123 (Fig.6b) . But no such noticeable effect is observed for His-93 (Fig.6f) . However an inverse effect is seen in case of Trp-28 of Lysozyme (Fig.6a) . That is the relaxation is slower for the frozen protein case. However, Tyr-3 ( Fig.6c) and Tyr-33 (Fig.6d) of protein-G exhibits slower decay which is dependent on side-chain motion. This clearly indicates that the slow component in solvation dynamics arises partly from protein motions, particularly from side-chain conformational fluctuations involving charged groups. This also supports the observation of Singer et al. [26] Other probes in all three proteins show, though not to the same extent, accelerated dynamics upon freezing the protein. However, It is noticeable, though the solvation becomes faster, the intermediate timescales, as observed by Zewail et al., does not vanish completely (Table VI, SI) .
The role of water molecules is somewhat difficult to separate out as they are coupled to the motion of the side chain atoms themselves. We thus surmise that whenever a probe is surrounded by polar-charged residues, the nearby water molecules participate in hydrogen bonding with the residues present in the neighbourhood. From hydrogen bond dynamics studies it becomes clear that the hydrogen bond lifetime is the highest for polar-charged residues like arginine and lysine. [46] So, the presence of such residues in the vicinity of a particular probe make the local water dynamics slower and as a result, slow solvation is observed. When it comes to solvation dynamics, location and neighbourhood of the probe is also a governing factor along with the intrinsic nature and degree of solvent exposure of the probe.
It is thus somewhat paradoxical that the conformational fluctuations of amino acid side chains, especially the charged ones, seem to make the solvation dynamics slower. However, this is not universally true from the results that we have obtained. (Table V , SI) This distinct behaviour of relaxation and dependence of the slow component on the side chain motions can again be attributed to the heterogeneity of the protein surface and hydration layer leading to the complex nature of dynamics across the different regions of a protein. 
IV. CONCLUSIONS
In a series of influential papers, Ahmed Zewail and coworkers employed natural probes that allowed unambiguous and systematic study of the unperturbed dynamics of protein hydration layer. They firmly established the presence of an intermediate range time scale in protein hydration dynamics. The existence of such a time scale was a subject of considerable controversy as the NMR experiments of Halle and co-workers [37, 39, [48] [49] [50] and also several simulation studies have suggested the absence of such a time scale. Zewail established beyond doubt that such a time scale indeed exists in the solvation dynamics of protein hydration later. Bhattacharyya and co-workers found slower decays which are also getting verified lately [6, 7, 14] . However, the origin of the discrepancy was not clear. Hopefully, our present study helps in explaining the origin of the reported differences.
What could possibly be the origin of such different results that are obtained in NMR-based studies and also in simulations vis-à-vis solvation dynamics and dielectric relaxation? There are several factors that could be responsible; (i) NMR studies cannot distinguish multiple disparate time scales and always give an average time scale. As we pointed out elsewhere that the presence of a 20% of relaxation time that is slower by a factor of 10 or more than the usual bulk water relaxation can make the average relaxation slower by only a factor of 4-5. This explains much of the NMR disagreement with Zewails data. (ii) Hydration layer differs greatly from protein to protein. Besides, the fraction of slow water is often small. As from our studies we found 15% transnationally and 27% rotationally slow water in the hydration layer of Lysozyme (Fig. 4a and 4b) . Moreover, a fraction of water molecules in the layer exhibits faster than bulk dynamics. So, the average becomes a poor measure of the time scale of dynamics. (iii) NMR and simulations studies focus on single particle dynamics while dielectric relaxation and solvation dynamics measure collective properties. (iv) Solvation dynamics probes energy relaxation that derives a significant contribution from polar side-chain motions which is discussed below in a bit more detail.
Multiple time scales observed here are seen to originate from various sources. We establish that the probes surrounded by charged residues exhibit slower dynamics which is because of the long lived hydrogen bonds resulting in quasi bound water molecules in that region making the orientation of water molecules restricted. The decomposition of total solvation energy yields several self and cross-correlations out of which the cross-terms are anticorrelated. The slowness in the Wat-Wat and SC-Wat terms arise for residues accompanied by other charged groups which participate in hydrogen bonding.
Our study also reveals the role of conformational fluctuations in solvation. In some parts (rich in charged atoms) the side-chain motions make the solvation faster whereas in some other parts (buried, deprived of charges in the vicinity) it decelerates or doesnt affect the same. The relatively slow solvation by hydrogen bonded water to the polar/charged protein-atoms follow the dynamical exchange model. [1] When the contribution of polar side-chains becomes important, the contribution of slow (bound) water also increases. When these motions are quenched, the slowest time scale reduces drastically, although solvation dynamics remains substantially slower than that in bulk water. The remaining slowness is arising from water molecules which are still hydrogen bonded to polar/charged atoms of the side chain. It is only possible to partly separate them. However, to what extent these contributions are coupled with side-chain fluctuations, still attracts further investigations. Some rigorous works are in progress to determine the molecular origin of slow dynamics. [46] Yet, the slow contribution doesnt always come from the side-chains. There are further scope of detailed theoretical investigation and formulation of new parameters to untangle the complexity of the problem.
V. SIMULATION METHODS
Atomistic molecular dynamics simulations have been performed using GROMACS package [51] . We have constructed the systems to match the experimental concentration (∼2-3 mM). The initial configurations of the proteins have been taken from crystal structures available in Protein Data Bank. We have used OPLS-AA force field [44] and extended point charge (SPC/E) water model. Periodic boundary conditions were implemented using cubic boxes of sides 94Åwith 26,338 water molecules for Lysozyme (PDB ID: 1AKI); 90Åwith 23,960 water molecules for immunoglobin binding protein G (PDB ID: GB1) and 93Åwith 26234 water molecules for sperm whale myoglobin (PDB ID: 3E5O).
The total system was energy minimised using steepest descend followed by conjugate gradient method. The solvent was equilibrated for 10 ns at constant temperature (300 K) and pressure (1 bar) (NPT) by restraining the positions of the protein atoms followed by equilibrium without position restrain for another 10 ns. The final production runs were carried out at a constant temperature (T=300 K) (NVT) for 55 ns. For analysis, the trajectories were recorded for the last 50 ns with 10 fs resolution. he equations of motions were integrated using leap-frog integrator with an MD time step of 0.5 fs.
We have used the Nóse-Hoover [52] [53] [54] thermostat and Parrinello-Rahman barostat [55] to keep the temperature and pressure constant respectively. The cut-off radius for neighbour searching and non-bonded interactions was taken to be 10Åand all the bonds were constrained using the LINCS algorithm [56] . For the calculation of electrostatic interactions, Particle Mesh Ewald (PME) [57] was used with FFT grid spacing of 1.6Å.
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VII. SUPPORTING INFORMATION
In this section the multiexponential fitting data for various natural probes in two proteins (Protein-G and Myoglobin) which are discussed in the main text are provided (Table III and IV) . Also the timescales for two virtual probes inside the hydration layer of Lysozyme (both, when mobile as well as frozen state) are noted down (Table V) . At the end, data for comparative study; i.e, between mobile and frozen proten states; of solvation on six representative natural probes in three proteins are given. (Table VI) 
